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Yale University, New Haven, Connecticut 06520, USA (Received 27 November 2006; published 14 March 2007) We present the first observation of exclusive e e ÿ production in hadron-hadron collisions, using p p collision data at s p 1:96 TeV taken by the run II Collider Detector at Fermilab, and corresponding to an integrated luminosity of 532 pb ÿ1 . We require the absence of any particle signatures in the detector except for an electron and a positron candidate, each with transverse energy E T > 5 GeV and pseudorapidity jj < 2. With these criteria, 16 events are observed compared to a background expectation of 1:9 0:3 events. These events are consistent in cross section and properties with the QED process p p ! p e e ÿ p through two-photon exchange. The measured cross section is 1:6 0:5 ÿ0:3 stat 0:3syst pb. This agrees with the theoretical prediction of 1:71 0:01 pb. DOI: 10.1103/PhysRevLett.98.112001 PACS numbers: 13.60.ÿr, 12.20.Fv, 13.85.Qk In this Letter we report an observation of exclusive dilepton production in hadron-hadron collisions. In an exclusive dilepton process there are no particles produced other than the lepton pair, and the incident hadrons do not dissociate. The process ! ' ' ÿ in hadron collisions is discussed in Ref. [1] . In this Letter we consider p p ! p e e ÿ p, where the electron pair is produced via ! e e ÿ . The events are simulated using the LPAIR Monte Carlo generator [2] .
Exclusive events have been proposed as a search channel for new physics at the Large Hadron Collider (LHC) [3] because, if the momentum of the outgoing protons is measured, exclusive processes provide an additional method to calculate the invariant mass of the central system [4] . Also, since the interaction depends only on quantum electrodynamics and the proton electromagnetic form factor at small momentum transfer, the cross section is known with an accuracy better than 1%. This makes exclusive dilepton processes potentially interesting candidates for improving the typical 5% uncertainty on the luminosity measurement at hadron colliders [5] . Exclusive dilepton events can provide an excellent control sample for other exclusive processes whose theoretical predictions are less certain, such as exclusive diphoton producion [6] and exclusive Higgs production [3] . At the LHC, exclusive dilepton events may also be used to calibrate forward proton spectrometers [4] . Two-photon production of lepton pairs has been experimentally observed in ep [7] , and AA [8] collisions, but the exclusive process has never been observed in hadron-hadron collisions. There were indications of exclusive muon pair production at the intersecting storage rings [9] .
The present analysis uses a data set corresponding to an integrated luminosity L 532 32 pb ÿ1 collected by the run II Collider Detector at Fermilab (CDF II) [10] . CDF II is a general purpose particle detector at the Tevatron, a p p collider with center of mass energy s p 1:96 TeV. The experimental signature of exclusive e e ÿ production is an e e ÿ pair with no other particles detected. The proton and antiproton lose a small fraction of their momentum in these collisions and escape along the beam direction without being detected.
We briefly describe the components of CDF II that are used in this analysis [11] . Both the central calorimeter [12] , covering jj < 1:1, and the plug calorimeter [13] , covering 1:1 < jj < 3:6, have separate electromagnetic (leadscintillator) and hadronic (steel-scintillator) compartments. The energy resolution for the central electromagnetic calorimeter is E= E p 13:5% 1:5%, and for the plug electromagnetic calorimeter it is E= E p 16% 1%. The central electromagnetic calorimeters contain strip chambers that measure the transverse profile of the electromagnetic shower at a depth of six radiation lengths. The electromagnetic calorimeters are also capable of determining the arrival time of a shower in the calorimeter with a resolution of 0.6 ns [14] . The miniplug calorimeter [15] is a lead-liquid scintillator sampling calorimeter and covers the region 3:6 < jj < 5:2. Covering 5:4 < jj < 7:4 is a series of three scintillator paddles on each side of the detector, collectively called the beam shower counters (BSC), labeled BSC1, BSC2, and BSC3, in order of increasing jj. BSC1 is preceded by 2 radiation lengths of lead.
Inside the calorimeter is a tracking system composed of a solenoid producing a 1.4 T magnetic field, the silicon tracking detector, and the central outer tracker (COT) [16] . The tracking system measures charged particle tracks in jj < 1:0 with an efficiency near unity, and charged particle tracks in 1:0 < jj < 2:8 with reduced efficiency.
The data were collected using a trigger requiring two clusters [17] of energy in the central or plug electromagnetic calorimeters and no activity in the BSC1 counters. Events containing two electron candidates with E T > 5 GeV and jj < 2:0 are selected. Here, and in the remainder of this Letter, we use the term ''electron'' to mean either electron or positron candidate. Electron candidates are defined as clusters in the electromagnetic calorimeter with a hadronic-to-electromagnetic energy ratio and lateral shower shape consistent with an electron, and a track with p T > 1 GeV=c pointing to the calorimeter cluster. The efficiency for triggering, reconstructing, and identifying both electrons in a signal event is " ee 26 3%. A large contribution to " ee comes from the electron trigger efficiency, 77 5% per electron, due to the trigger turnon at the threshold.
Events caused by cosmic ray interactions occur at random times, so we require both clusters to have a measurement in the electromagnetic calorimeter timing system with times that are consistent with the collision. The overall efficiency for the cosmic rejection requirement is " cosmic 93 3%.
To select exclusive events, we require that no additional particle signatures be detected in the calorimeters or BSC. A particle signature in the calorimeter is defined as a cluster of adjacent towers above the noise threshold in the miniplug, or a single tower above the noise threshold in the plug and central calorimeters. An additional cluster is defined as a cluster that is not part of either electron in the event. A particle signature in the BSC is defined as any hit above the noise threshold of the BSC.
When an inelastic interaction occurs in the same bunch crossing as an exclusive event, it will deposit energy in the calorimeters and BSC, preventing the identification of the exclusive event. This efficiency " exc is the fraction of zerobias events (triggered solely on the bunch crossing time) that pass the exclusivity selection divided by the total number of zero-bias events. This is directly related to the instantaneous bunch luminosity [18] . Using the same run range for the zero-bias data sample as the exclusive e e ÿ triggered events, the overall exclusive efficiency is " exc 8:6%, with negligible statistical uncertainty. The systematic uncertainty on this fraction is negligible compared to the uncertainty of the luminosity. As a consequence of the exclusivity selection requirements, electrons that emit sufficient bremsstrahlung (final state radiation, FSR) to deposit energy outside the electron's cluster will be excluded from the candidate sample. The corresponding efficiency is calculated by generating events with the LPAIR simulation plus the GEANT-based [19] detector simulation, then requiring the events to pass the exclusivity selection requirements. This efficiency is " FSR 79 5%. The dominant source of uncertainty in " FSR is the material count in the detector.
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The overall efficiency to identify exclusive e e ÿ events with the luminosity distribution of this data sample is 1:6 0:2%. This is dominated by " exc , which is low because of the large fraction of bunch crossings with more than one inelastic p p interaction. A total of 16 candidate events pass electron identification, cosmic ray rejection, and exclusivity requirements. All of these events contain oppositely charged electron pairs. The invariant mass and (the opening angle between the e and e ÿ in r-plane) distributions of the candidate sample are compared to events generated with LPAIR plus detector simulation in Fig. 1 . Other variables, such as the p T of the e e ÿ pair and of the electrons are also in agreement with LPAIR. There are four backgrounds to consider: jets that pass electron requirements (jet fakes), cosmic rays that interact in the detector, nonexclusive events, and ! e e ÿ events with proton dissociation. The jet fake background consists of exclusive events with a hadronic final state, such as ÿ , that fake a signal event when both hadrons are reconstructed in the detector as electrons. In a jet-triggered sample we observe no events that pass the exclusivity cuts but fail the electron requirements. This results in an upper limit on the rate of this process. Multiplying this upper limit with the measured probability of a generic calorimeter cluster to pass the electron cuts, an upper limit on the jet fake background is determined to be 0.1 events. Thus the jet fake background is taken to be 0:0 0:1 ÿ0:0 events. By examining the rate of out-of-time cosmic ray events, the probability that a candidate event originates from a cosmic ray is found to be negligible.
The third background is due to nonexclusive events in which one or more particles passed undetected through cracks in the calorimeter, or were below the noise thresholds, causing the event to appear exclusive. The multiplicity of additional clusters is shown in Fig. 2(a) . A clear peak is observed in the zero additional clusters signal region. To estimate the amount of background in the signal region, the events with 5 to 50 additional clusters were fit to the function y e axb , where the result of the fit yields a 0:05 0:01 and b ÿ1:3 0:4. The fit result predicts a nonexclusive background of 0:3 0:1 events with zero additional clusters.
To verify that a peak in the signal region is not expected with inclusive events, we plot the number of associated clusters for a sample of Z ! e e ÿ events selected from the same run range as the exclusive e e ÿ data set (the Z boson cannot be produced exclusively at a hadron collider due to Yang's theorem [20] ) as well as a sample of inclusive Drell-Yan events, simulated with the PYTHIA [21] Monte Carlo generator, in Fig. 2(b) . The Z ! e e ÿ data sample contains events with two electrons that have an invariant mass between 81 GeV=c 2 and 101 GeV=c 2 and a single vertex reconstructed in the event. There is no peak at zero additional clusters in either the Z ! e e ÿ sample nor the Drell-Yan simulated sample. We also verified that this distribution is nearly independent of the dielectron invariant mass value using the simulated Drell-Yan sample.
The dissociation background arises from events that are mediated by two-photon exchange, but instead of being truly exclusive, one or both protons are excited into a lowmass state that dissociates. There is a small probability that these dissociations will escape detection in the BSC, and hence would not be distinguished from exclusive events. We use two simulation programs, GRAPE-DILEPTON [22] and LPAIR, to estimate this background.
The LPAIR (GRAPE-DILEPTON) simulation predicts that 7% (5%) of proton dissociations will have all dissociation products too far forward to be detectable. The average of the two estimates, 6 1%, is taken as the probability that a dissociated proton will escape detection. To estimate the number of dissociation background events in the candidate sample, the cross sections for events in which one or both protons dissociate are extracted from LPAIR [23] and then multiplied by the probability that the dissociation will escape detection. The number of dissociation events in the 16 event signal sample is estimated to be 1:6 0:3. Therefore, the sum of all background sources is N bkgd 1:9 0:3 events.
The cross section for exclusive e e ÿ production with E T > 5 GeV and jj < 2 is calculated using
Considering that the exclusive process is derived from the experimental observation (the sum of the exclusive and the disassociation processes) we report both the total and the exclusive cross sections. The cross section for exclusive p p ! p e e ÿ p is measured to be 1:6 0:5 ÿ0:3 stat 0:3syst pb using N bkgd 1:9 0:3 events. This agrees with the theoretical cross section 1:71 0:01 pb given by LPAIR. The probability of observing 16 events when 1:9 0:3 events are expected is 1:3 10 ÿ9 , equivalent to a 5:5 effect [24] .
The measured cross section for ! e e ÿ , where all the proton and antiproton dissociation products are contained within jj > 7:4, is measured to be 1:8 0:5 ÿ0:3 stat 0:2syst pb using N bkgd 0:3 0:1 events (the sum of all backgrounds except the dissociation). This agrees with the theoretical prediction of 1:9 0:4syst pb for this cross section, determined using LPAIR. The uncertainty on this prediction is larger than for the purely exclusive LPAIR prediction because assumptions about the hadronization of the dissociating proton are made in this estimate.
In conclusion, we have observed 16 exclusive electron pair events in CDF II, with jj < 2:0 and E T > 5 GeV, with a background estimate of 1:9 0:3 events. These events are consistent in both their cross section and kinematic distributions with p p ! p e e ÿ p through two-photon exchange ( ! e e ÿ ). This is the first time that exclusive two-photon processes have been observed in hadron-hadron collisions, and implies that the LHC experiments can rely on this process to calculate expectations for new physics and luminosity measurements.
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